In many urban settings, groundwater contains volatile organic compounds, such as tricholoroethene, tetrachloroethene, benzene, etc., at concentrations that are at or slightly below non-potable groundwater standards. Some non-potable groundwater standards do not protect against human health risks that might result from vapor intrusion. Vapor intrusion is a process by which vapor phase contaminants present in the subsurface migrate through the soil and ultimately enter a building through foundation cracks. The end result is a decrease in air quality within the building. Predicting whether or not vapor intrusion will occur at rates sufficient to cause health risks is extremely difficult and depends on many factors. In many cities, a wide-range of property uses take place over a relatively small area. For instance, schools, commercial buildings and residential buildings may all reside within a few city blocks.
Introduction
Since the first identification of the probable Vapor Intrusion (VI) pathway into a building in 1987 [1] , there have been many VI simulation or modeling studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, among these previous studies, only a few involve examining the VI problem in simulated urban areas [15, 17] , which is where most people live, and where exposure concerns are greatest. Through use of a 3-D computational Fluid Dynamic (CFD) model, we have examined a few factors that may play important roles in determining VI exposures within urban areas.
The model
The full 3D model developed here is based on the model presented earlier by Pennell et al. [15] and Bozkurt et al. [16] [17] . In the present implementation, the assumed domain size was smaller than it was previously, but this is of no consequence to the present results. Also, the earlier "Characteristic Entrance Region (CER)" approximation to crack geometry was not employed here, but again, this has no significant impact on results.
Research scenario
The situation that is modeled in this paper is illustrated in Figure 1 . It consists of a single square 10m x 10 m footprint structure built either on an open field (uncapped) or with an impermeable cap of 5 m wide surrounding the structure footprint. The assumed domain size (24m x 24m) is sufficiently large such that the domain boundaries do not substantially affect the solution within the domain. The structure has a basement foundation (or it is built on a slab) that has a 0.005 m wide perimeter crack or a 0.005 m perimeter wall crack at the joint of wall and cap, running along the entire edge of the foundation. Different types of foundation and surrounding features are the focus of this paper, and the following cases have been simulated:
The "Perimeter Crack" case without any capping around the building, with 0. The key working equations are summarized in Table 1 . Incompressible soil gas flow is assumed, as is typical in VI modeling. All contaminant vapor originates from the groundwater surface. There are no contaminant sources within the soil itself. The pressure driving force for soil gas advection arises from the "chimney effect" in the structure itself, transmitted to the soil through the foundation crack, which is also the main pathway for contaminant vapor entry into the building. Table 2 gives the key input parameters explored in this study. Though permeability and diffusivity can both be related to the porosity of the soil, this is not necessarily always the case. Here, small variations in diffusivity do not have a significant impact on the solutions. For purposes of presenting a consistent comparison, as well as for reasons of simplicity, a constant effective soil porosity and diffusivity were therefore assumed here; small changes in these values has little effect on the conclusions. It should also be noted that the simulations were carried out for a "typical" contaminant (Trichloroethylene-TCE). For many volatile organic compounds (VOCs) of concern for vapor intrusion, diffusivity values are similar to the value of TCE.
The discussion

Concentration profile
The contaminant in the soil is represented by the concentration normalized to the source soil vapor concentration . e) and (f) represent those with 0.1m deep foundation for the same permeability. The location of the crack is unimportant in determining the concentration profile, while the effect of the cap is significant. This is reasonable because diffusion dominates contaminant transport in the soil, and the effect of soil gas flow on concentration profiles is negligible for soil with permeabilities less than approximately 10 -11 m 2 [8] . 
Contaminant mass flow rate
To better understand the effect of capping and crack location on vapor intrusion, the most important parameter to consider is mass flow rate through the crack (M ck ). Higher M ck values result in higher indoor air concentrations. Figure 3 gives the contaminant mass flow rate comparison between cases with different construction and surrounding features. For the 2 m deep foundation in the "Perimeter Crack with capping" cases M ck is the greatest, while M ck for the "Wall Crack with capping" case is lowest. For the cases with 0.1 m deep foundation (i.e., slab), the results are quite similar, except that the effect of capping becomes more significant. Figure 3 also shows the influence of different source depths, ranging from 3 to 18 m bgs. These results show the expected trend in which the deeper the source, the lower the mass flow rate of contaminant into the structure. 
Conclusions
Indoor air concentration is proportional to contaminant mass flow rate into a foundation crack. The latter is an alternative indoor air quality index to the commonly used indoor air attenuation factor, and is preferred because its value does not depend upon indoor air exchange rate. The present steady state simulation shows how building/foundation and capping all influence soil gas contaminant concentration profiles around a building. In the presence of paved surroundings, contaminant concentration at the crack is twice as high for a building with 2m deep foundation, and five times as high for a building with 0.1m deep foundation, as compared to a building without surrounding cap. Soil gas flow and the crack location do not significantly affect subsurface concentration profiles, but do affect contaminant mass flow rate into the building. Capping surrounding a structure has a more significant impact on contaminant entry rates for slab on grade than for cases with 2m deep foundation. Crack location can impact contaminant entry rate significantly-the wall crack results show entry rates half those for a perimeter floor crack.
